Abstract. An analytic study is presented of the E N e Jahn-Teller (JT) polaron, consisting of a mobile eg electron linearly coupled to the local eg normal vibrations of a periodic array of octahedral complexes. Due to the linear coupling, the parity operator K and the angular momentum operator J commute with the JT part and cause a twofold degeneracy of each JT eigenvalue. This degeneracy is lifted by the anisotropic hopping term. The Hamiltonian is then mapped onto a new Hilbert space, which is isomorphic to an eigenspace of J belonging to a fixed angular momentum eigenvalue j > 0. In this representation, the Hamiltonian depends explicitly on j and decomposes into a Holstein term and a residual JT interaction. While the ground state of the JT polaron is shown to belong to the sector j = 1/2, the Holstein polaron is obtained for the "unphysical" value j = 0. The new Hamiltonian is then subjected to a variational treatment, yielding the dispersion relations and effective masses for both kinds of polarons. The calculated polaron masses are in remarkably good agreement with recent quantum Monte Carlo data. The possible relevance of our results to the magnetoresistive manganite perovskites is briefly discussed. 
Introduction
The Jahn-Teller (JT) effect describes the interaction of lattice vibrational modes with orbitally degenerate electronic states and thus refers to a particular type of electron-phonon coupling [1] . Although this effect has proved indispensable for a proper understanding of the physics of a variety of systems, ranging from paramagnetic ions in nonmagnetic crystals [2] to structural phase transitions [3] , it is fair to say that its role in condensedmatter physics has been marginal for a long time.
For nearly a decade, however, the significance of the JT effect is undergoing a profound change, triggered by the discovery of superconductivity in the fullerides [4] and of very large ("colossal") magnetoresistance (CMR) in the manganite perovskites [5] . Because of their high symmetry, both classes of compounds fulfil the requirement for a JT interaction to occur, and numerous experiments seem to indicate that this is, in fact, the case. Manifestations of the JT effect in the fullerides have been reviewed by O'Brien and Chancey [6] , those in the manganites by Millis [7] . So far, however, there is no consensus as to the relative importance of the JT coupling in these materials. In their search of the origin of the CMR effect [5] , e.g., Millis et al. [8] argued that double exchange [9], designed as a mechanism to induce ferromagnetic order in doped manganites, is not sufficient to account for the resistivity data and suggested that JT polaron formation a e-mail: h.barentzen@fkf.mpg.de is essential, whereas other authors [10] invoke ferromagnetic spin polarons to explain the effect. Problems of this kind could possibly be resolved by means of a detailed analytic theory of the JT polaron, yielding the (approximate) ground-state energy together with the corresponding eigenvector. Since the eigenstates of JT systems are vibronic in nature [1], they may give rise to unexpected results for expectation values and correlation functions.
As a first step in this direction, we study the JT polaron of symmetry type E e, which is most conveniently introduced by recalling some basic properties of La 1−x Ca x MnO 3 , a representative of the manganite family [7] . Each unit cell of the crystal contains an octahedral MnO 6 complex and an average number of 4 − x d electrons. Since the Hund's rule coupling is believed to be very strong, the spins of all the d electrons are ferromagnetically aligned. Due to the crystal field produced by the oxygen ligands (point group O h ) the D state of the free Mn ion splits into a threefold degenerate t 2g and a twofold degenerate e g level. Three of the electrons go into the tightly bound t 2g orbitals forming a core spin of magnitude 3/2, while the remaining 1−x d electrons occupy the e g orbitals and are mobile. To study the formation of the polaron we start with pure CaMnO 3 (x = 1), where only the t 2g orbitals are filled, and imagine that one additional electron is injected into the system (e.g., by replacing one Ca ion by La). The extra electron must go into the e g levels and, by virtue of symmetry, may couple to the e g normal vibrations of the octahedral complex. This type of vibronic
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The European Physical Journal B interaction, where both the electron and the vibrational modes are of e g symmetry, is referred to as E e JT coupling. In addition, the electron is allowed to move in a band composed of the local e g doublets. The resulting quasiparticle, consisting of the mobile e g electron and the concomitant e g distortion of the MnO 6 octahedra, is designated as E e JT polaron. A somewhat simpler system, the E b JT polaron, where b denotes a non-degenerate representation of the tetragonal site group, has already been treated by Höck, Nickisch and Thomas [11] nearly two decades ago.
In Section 2 we introduce our model, together with the angular momentum operator J and the parity operator K. Since only linear JT coupling is considered, these operators commute with the JT Hamiltonian, but not with the (anisotropic) hopping term. In Section 3 we show that K generates new fermion operators such that both J and the JT term assume diagonal form with respect to the new fermionic basis. The spectrum of J is determined in Section 4, where we recover the well-known result that all eigenvalues of J are half-integral. We also show by rather general arguments that each eigenvalue of the JT Hamiltonian is still twofold degenerate. This degeneracy will be lifted by the hopping term. In Section 5 we construct a representation of the original Hamiltonian on a new Hilbert space, which is isomorphic to an eigenspace of J belonging to a fixed angular momentum eigenvalue j > 0. The new Hamiltonian depends explicitly on this quantum number and decomposes into a quasi-Holstein term and a residual JT interaction. This is the optimal form, which can be reached by purely analytic means, and elucidates the close relationship between the JT and the Holstein polaron. While the latter is obtained for the "unphysical" value j = 0, the ground state of the JT polaron is shown to belong to the sector j = 1/2. A variational treatment of the new Hamiltonian is outlined in Section 6, where also some ground-state properties like the dispersion relations and effective masses for both kinds of polarons are presented. Our results are summarized in Section 7.
The model Hamiltonian
In the E e JT polaron the state of the electron is completely specified by the vectors |iγ , where i denotes the cell index and γ = x, z the components of the e g doublet (spin indices are omitted since only a single e g electron is considered). The wave functions r|ix and r|iz transform like the orbitals d x 2 −y 2 and d 3z 2 −r 2 , respectively, forming a local basis of the E g representation associated with each unit cell. The state of the electron may be more conveniently specified by the operators e
